The Cbl family of proteins downregulate epidermal growth factor receptor (Egfr) signaling via receptor internalization and destruction. These proteins contain two functional domains, a RING finger domain with E3 ligase activity, and a proline rich domain mediating the formation of protein complexes. The Drosophila cbl gene encodes two isoforms, D-CblS and D-CblL. While both contain a RING finger domain, the proline rich domain is absent from D-CblS. We demonstrate that expression of either isoform is sufficient to rescue both the lethality of a D-cbl null mutant and the adult phenotypes characteristic of Egfr hyperactivation, suggesting that both isoforms downregulate Egfr signaling. 
Introduction
Precise regulation of signaling pathways is critical to ensure the proper cellular responses to signals that promote proliferation, differentiation, migration, and survival. The Egfr pathway of Drosophila regulates a number of cellular processes that govern normal epithelial development during embryogenesis, wing and eye formation, and oogenesis. Tissue specific ligands act in concert with positive and negative regulators in feedback pathways to control proper levels of Egfr activity (reviewed in Shilo, 2003) . In addition, ligandinduced receptor endocytosis is thought to be a major mechanism of the irreversible attenuation of signaling, determining the appropriate extent and duration of Egfr activity (reviewed in Marmor and Yarden, 2004) .
Members of the Cbl family of proteins are involved in multiple signaling pathways, acting as multivalent adaptors and usually playing negative roles through their E3 ubiquitin ligase activity (reviewed in Thien and Langdon, 2001; Tsygankov et al., 2001) . Upon EGF stimulation, c-Cbl recognizes phosphorylated Egfr through its tyrosine kinase binding (TKB) domain, and is then phosphorylated, leading to enhanced E3 ligase activity (Bowtell and Langdon, 1995; Galisteo et al., 1995; Levkowitz et al., 1999) . The E3 ligase activity of c-Cbl mediates the ubiquitination of activated Egfr and promotes Egfr degradation through the endocytic pathway (Joazeiro et al., 1999; Levkowitz et al., 1999; Waterman et al., 1999; Yokouchi et al., 1999) . Monoubiquitination of Egfr at multiple lysine sites by c-Cbl has been demonstrated to be sufficient to target the receptor for endocytosis and degradation (Haglund et al., 2003; Mosesson et al., 2003) . Recently, it has been further demonstrated that adaptor proteins binding to ubiquitin through the Ub-interacting motif, such as Eps15, recruit ubiquitinated receptors to the clathrin-dependent and independent endocytic pathways according to the levels of Egf (Chen and De Camilli, 2005; De Melker et al., 2004; Sigismund et al., 2005) . Other studies suggest that an additional Cbldependent mechanism can target the Egfr for endocytosis. This involves protein-protein interactions between c-Cbl and the CIN85/Endophilin complex, which promotes internalization of the activated receptors and is independent of the E3 ligase activity . Phosphorylation of c-Cbl upon ligand stimulation enhances the interaction between the proline rich domain of c-Cbl and the SH3 domains of the adaptor protein, CIN85 . However, the relative contribution of these two mechanisms to receptor downregulation in vivo is not known.
The Cbl family is highly conserved in structure and function. In mammals, c-Cbl, Cbl-b and Cbl-3 all function as negative regulators of the Egfr pathway (reviewed in Thien and Langdon, 2001; Tsygankov et al., 2001) . Mice deficient for c-Cbl, Cbl-b and Cbl-3 showed no overt abnormality in development, although c-Cbl and Cbl-b deficient mice display abnormal immune responses, indicating that these three cbl family members may have functional redundancy (Bachmaier et al., 2000; Chiang et al., 2000; Griffiths et al., 2003; Murphy et al., 1998) . Sli-1, the Caenorhabditis elegans homologue of c-Cbl, plays a negative role in vulval development which involves Let-23, the C. elegans Egfr (Yoon et al., 1995) . D-Cbl, the Drosophila homologue of c-Cbl, acts as a negative regulator in RTK signaling (Hime et al., 1997; Meisner et al., 1997; Pai et al., 2000) . D-cbl is an essential gene for viability and has a pivotal role in Egfr signaling for dorsoventral patterning in the egg and embryo (Pai et al., 2000) .
The establishment of dorsoventral asymmetry occurs during oogenesis when the asymmetrically localized Gurken protein, a transforming growth factor (TGF-a) like signaling molecule, activates a gradient of Egfr activity resulting in the induction of distinct follicle cell fates along the D/V axis (Neuman-Silberberg and Schupbach, 1993 Schupbach, , 1996 Schupbach, 1987) . These cell fates are revealed by differential Egfr target gene expression and egg shell patterning. High levels of Gurken initiate the dorsal follicle cells fates, and induce a second phase of Egfr signaling modulated by positive and negative feedback that resolves the dorsal domain into two populations of dorsolateral cells, which express the Broad complex and produce the dorsal appendages, separated by the dorsal midline cells, which express argos (reviewed in Van Buskirk and Schupbach, 1999; Wasserman and Freeman, 1998) . The most ventral follicle cells with the lowest Egfr activity express the pipe gene which determines the D/V axis of the future embryo (Sen et al., 1998) . D-cbl plays a crucial role in establishing the dorsoventral patterning of the embryo and egg shell by keeping Egfr activity below certain thresholds in follicle cells. In the absence of D-cbl, the Egfr activity is elevated in both dorsal and ventral follicle cells, leading to the disruption of the establishment of embryonic ventral cell fates by eliminating pipe expression in ventral follicle cells. In addition, the elevated Egfr activity leads to the expansion of dorsal midline cells, resulting in abnormal egg shell morphology (Pai et al., 2000) .
All members of the family have a high degree of sequence identity in the N-terminus, whereas the C-terminus is more variable among different members of the family. c-Cbl and Cbl-b contain proline rich regions which provide SH3 domain binding sites, and a ubiquitin-associated domain at the most distal C-terminus. Cbl-3 and Sli-1 have a short C-terminus with few proline rich regions. In Drosophila, D-cbl encodes two alternately spliced isoforms. D-CblL is similar to c-Cbl, whereas D-CblS contains only 34 amino acids following the RING finger domain and no proline rich regions and the ubiquitin-associated domain (Robertson et al., 2000) . It has not been resolved, however, whether these isoforms have different roles in Egfr signaling in Drosophila.
Here, we took advantage of a sensitive analysis of changes in levels of Egfr signaling in the follicle epithelium to analyze the effects of D-Cbl isoform overexpression on Egfr activity. We found that D-CblL has a stronger effect on reducing Efgr signaling than D-CblS. In addition, we used a D-cbl null mutant background lacking endogenous D-Cbl to test the ability of different D-Cbl isoforms to function on their own in regulating survival and Egfr signaling. Both isoforms were at least partially able to rescue the lethality of D-cbl mutants and to downregulate Egfr signaling. Furthermore, these two isoforms have different intracellular localizations. The differential function and localization of these isoforms indicates that D-CblS and D-CblL regulate Egfr signaling by distinct mechanisms.
Results

Two alternate splice forms of D-cbl are expressed in the ovary and throughout development
Two D-cbl mRNAs, D-cblL and D-cblS, are generated from D-cbl through alternate splicing ( Fig. 1) (Robertson et al., 2000) . Using a RNA probe corresponding to a region common to both isoforms, we had shown previously that D-cbl is expressed in nurse cells and follicle cells in egg chambers at stage 9 (Pai et al., 2000) . To further investigate the expression patterns of these two isoforms, specific probes for the 3 0 UTR of D-cblS and exon 6 of D-cblL were used, respectively, in an in situ hybridization assay (Fig. 1A) . Both isoforms were detected in nurse cells from early stages, but a significant level of signal for D-cblL was already seen in the germarium, whereas the signal for D-cblS became visible around stage 5 ( Fig. 1E and F) . Both forms were also found in follicle cells at stage 9, when Gurken activates the Egfr signaling pathway in follicle cells for the establishment of dorsoventral axis ( Fig. 1G  and H) .
Since, D-cbl is an essential gene (Pai et al., 2000) , it was of interest to determine its expression patterns at various developmental stages. Monoclonal antibodies were raised against the C-terminal half of D-CblS (10F1) and the exon 6 coding region of D-CblL (8C4), to detect the protein levels of these two isoforms (Fig. 1B) . D-CblS and D-CblL are expressed throughout embryogenesis and the three larval stages (Fig. 1I ). D-CblL is expressed at a much lower level than D-CblS at all developmental stages. The difference in expression levels of these isoforms is consistent with a previous report on their RNA expression levels detected by Northern blotting (Robertson et al., 2000) . In sum, the protein expression pattern analyzed by Western blotting is similar to a previous study on RNA expression patterns using RNA in situ hybridization (Hime et al., 2001) , except that D-CblS protein was still expressed at a significant level in 6-17 h old embryos (Fig. 1I ).
Both D-cblS and D-cblL rescue null mutations of D-cbl
To determine whether of D-CblS and D-CblL have different functions in vivo, we tested their abilities to rescue the lethality of null alleles of D-cbl. Previously we had shown that the homozygous D-cbl F165 mutant cannot survive through the third instar larval/pupal stages (Pai et al., 2000) . This allele contains a nonsense mutation at amino acid residue 116, in the TKB domain (see Fig. 1 ). A second allele, D-cbl BB28 , contains a mutation in the TKB domain at amino acid residue 308 and exhibits a similar phenotype to that of D-cbl F165 . As predicted, both D-CblS and D-CblL were not detected in these mutants (Fig. S1A in the supplementary data) . Since, both of these alleles failed to produce detectable D-Cbl protein, we tested the ability of D-cblS and D-cblL to rescue the lethality of these mutant backgrounds using a ubiquitously expressed promoter, Hs83. In a first experiment, expression levels of transgenes in wild-type embryos were analyzed for each line (Fig. S1B in the supplementary data).
We then tested the ability of each transgene to rescue the lethality of the D-cbl F165 allele. Both D-CblS and D-CblL could partially or completely rescue lethality of the null mutant and allowed the flies to develop to adult stage ( Table 1 ). The rescuing ability of three independently generated Hs83-D-cblS transgenic lines ranged from 63 to 100%. Interestingly, rescued progeny containing Hs83-D-cblS showed a phenotype of extra wing veins, which was reminiscent of the phenotype observed in D-cbl mutant cells (Pai et al., 2000) . However, a line (Hs83-D-cblS-2) with higher expression levels did not show such a phenotype, suggesting that in the lines with lower expression levels, the amount of D-CblS was sufficient to rescue lethality but inadequate for proper wing patterning, leading to a phenotype characteristic of over activation of Egfr in the wings (Table 1 ). The morphology of eggs laid by females rescued by D-cblS was normal.
In contrast, D-cblL rescues the mutant to a much lower degree. The Hs83-D-cblL-6 line which has high levels of expression, only displayed 27% rescuing efficiency. The rescued progeny had normal wings and eyes, but produced ventralized egg shells with one single dorsal appendage (Table 1) , which is a phenotype indicating reduced Egfr signaling and suggests a hyperactivity of D-Cbl (Pai et al., 2000) . Surprisingly, two copies of the transgene from Hs83-D-cblL line 6 resulted in 0% rescue. However, we also observed that two transgene copies of Hs83-D-cblL from line 6 in the D-cbl F165 /C animals caused 46% lethality, and considerable larval and pupal lethality was observed in the Hs83-D-cblL-6 line. Taken together, these results suggest that D-CblL can downregulate Egfr signaling but high levels of D-CblL might have negative effects leading to lethality and to a ventralization of the egg shell (Table 1 and homozygote mutants (Table S1 in the supplementary data). Overall, these data show that D-cblS and D-cblL both can rescue D-cbl null mutants, indicating that both isoforms are functionally interchangeable regarding the lethal effect caused by the lack of D-cbl. This result is consistent with the recent report that both D-Cbl isoforms driven by an a-tubulin promoter rescue the lethality of the D-cbl null mutant (Jekely et al., 2005) . However, D-CblS rescued more efficiently than D-CblL, when we compared the two isoforms using lines, e.g. Hs83-D-cblS-2 and Hs83-D-cblL-5, which are expressed at similar levels.
To mimic the normal situation and to test whether the isoforms have complementary functions, transgenes encoding each of the isoforms were simultaneously introduced into the D-cbl F165 mutant. The percentages of rescued progeny containing CblL from line 5 and CblS from line 1 were increased slightly compared to that of the Hs83-D-cblS-1 alone, and the extra vein phenotype was largely reduced (Table 1 ). The D-cbl mutant was almost completely rescued by a combination of the D-cblL-6 and D-cblS-1 alleles. However, 82% of eggs laid by these rescued females had defects in egg shell patterning ( Table 1) . Furthermore, rescued flies with a five fold increase in endogenous expression of D-CblS developed normally without patterning defects in the absence of D-CblL, suggesting D-CblL is dispensable under conditions where D-CblS expression is increased. Taken together, these data suggest patterning in egg shell and wing vein is very sensitive to the expression levels of D-Cbl, with the wing requiring high levels for suppression of ectopic Egfr activity, whereas the egg shell appears to be very sensitive to high levels of D-CblL.
Overexpression of D-CblL results in decreased Egfr activity
Because some of the phenotypes we observed upon D-CblL expression suggested that excess D-CblL function could result in decreased Egfr activity, we analyzed the effect of misexpression of D-CblL and D-CblS on Egfr activity in different tissues. We tested the functions of D-CblS and D-CblL in the ovary with three Gal4 lines mainly expressed in follicle cells; EQ1Gal4, expressed strongly at stage 9 ( Fig. S2 A-E); 55BGal4, expressed in anterior follicle cells (Brand and Perrimon, 1994) , and GR1Gal4, expressed in all follicle cells starting from germarium ( Fig. S2 F-J) . Overexpression of D-CblL by these three Gal4 lines all resulted in a ventralized egg shell phenotype which mimicked the phenotypes of Egfr loss of function mutations (Fig.2C , and data not shown). However, most embryos inside these ventralized eggs were normal and hatched without obvious defect in their cuticles. In contrast, overexpression of D-CblS with these three Gal4 lines had very little effect on egg shell morphology (Fig. 2B , and data not shown), and the embryos inside were all normal.
We also looked at the effects of D-Cbl misexpression in other tissues. In the wing, the misexpression of D-CblL resulted in a reduced wing size and ACV/L4/L5 vein loss phenotype (Fig. 2F) , which mimicked the wing phenotype in loss-of-function of Egfr mutant (Clifford and Schupbach, 1989) , whereas misexpression of D-CblS in the wings by MS1096Gal4 only resulted in the loss of the anterior cross vein (ACV) (Fig. 2E) . Similarly, in the eye, only D-CblL caused a rough and small eye phenotype with GMRGal4 driven expression, and D-CblS had no effects ( Fig. 2H and I ). An epithelium specific Gal4 line-e22c was used to drive expression of both D-CblL and D-CblS, and we observed 80-100% lethality at larval to pupal stages at 25 or 29 8C (data not shown). Some escapers had abdominal hemisegment fusion defects (Fig. 2K) . This is consistent with the observation that Egfr signaling is involved in histoblast development during adult abdominal segment formation (Kopp et al., 1999) .
To determine whether differences in expression of these two isoforms could account for these differences, the expression levels of different transgenic lines were further examined by Western blotting (Fig. S1C in supplementary data) .
To further characterize the effect of D-CblL and D-CblS overexpression in the ovary, ventralized egg shell phenotypes were classified into three groups, (V1, V2, and V3) according to their severity (Table S2 in not have any effect (Table S2 in supplementary data). This was true even when the expression level of a CblL line, e.g. A10, was lower than that of D-cblS lines (Fig. S1C and Table S2 in supplementary data), indicating that the difference in phenotype reflects isoform specific function and not differences in expression level. In addition, the degree of ventralization caused by D-CblL overexpression was increased at 29 8C and was correlated with the expression level of each line, suggesting a dose-dependent blockage of normal dorsal patterning by D-CblL. In contrast, overexpression of D-CblS produced only a few eggs with a basally fused dorsal appendage phenotype (V1) ( Table S2 in supplementary data). This suggests that levels of D-CblL are more critical for dorsal egg shell patterning than D-CblS levels.
Activation of Egfr by the Gurken signal occurs twice during Drosophila oogenesis to determine the anterior-posterior and dorsoventral axes, respectively. Gurken activates Egfr to specify posterior follicle cell fate before stage 7 and to establish the dorsal cell fate around stage 9 (reviewed in Nilson and Schupbach, 1999; Van Buskirk and Schupbach, 1999) . In order to further examine the possible effects of D-Cbl overexpression on egg formation, HsGal4 was used to induce transient expression during oogenesis. The expression of exogenous proteins peaked at 6 h after heat induction (Fig. S1D in  supplementary data) . Therefore, eggs were collected from females of HsGal4/UAST-D-cblS or D-cblL at 39, 32, 26, and 20 h after heat shock. These eggs corresponded to egg chambers that were before stage 9, at stage 9, 10A, 10B and after stage 10B when they had the highest levels of D-Cbl expression. Consistent with the effect of overexpression of D-Cbl in follicle cells using EQ1Gal4, the reduction of dorsal cell fate was only apparent in eggs with overexpression of D-CblL (Table 2 ). This effect was most pronounced when D-CblL overexpression was induced during stage 10A. Taken together, these results demonstrate that the increase of D-CblL expression elevates the downregulation of Egfr signaling, whereas comparable levels of expression of D-CblS do not adversely affect Egfr signaling. Overexpression of either D-CblS or D-CblL in stage 9 and 10A egg chambers interfered with egg production; females carrying the D-cblS transgene stopped producing eggs (Table 2 ). When ovaries from these females were dissected and stained with DAPI to reveal the egg chamber structure, all egg chambers had degenerated except those younger than stage 8 (data not shown). Therefore, transiently high levels of overexpression of D-Cbl disrupted egg chamber integrity.
Overexpression of D-Cbl L promotes pipe and suppresses argos expression in follicle cells
Follicle cells along the dorsoventral axis have different Egfr activity induced by Gurken, and different levels of Egfr signaling determine different follicle cell fates as reflected by target gene expression (reviewed in Nilson and Schupbach, 1999; Van Buskirk and Schupbach, 1999) . To further investigate the effects of overexpression of D-Cbl on follicle cell fate determination, we examined the expression of pipe and argos Table 2 The in egg chambers from females of GR1OD-cbl. Normally, pipe is repressed by high levels of Gurken-Egfr signaling restricting its expression to the most ventral follicle cells where Egfr activity is low. In gurken mutants, pipe expression is expanded to the dorsal side (Sen et al., 1998) . We had demonstrated that in follicle cells homozygous mutant for D-cbl, pipe expression is repressed ventrally (Pai et al., 2000) . The pipe expression region in egg chambers with D-CblS overexpression was similar to that of wild-type egg chambers, which is about 1/3 of the circumference (about 14-18 cells). The region was markedly expanded in egg chambers with D-CblL overexpression (about 18-22 cells), and the Pipe expression level was higher as well ( Fig. 3A-C) . However, normal embryos were formed inside ventralized egg shells indicating that this expansion of Pipe expression did not have a dramatic effect on the final D/V pattern of the embryos (data not shown), consistent with the report of Peri et al. (2002) who showed that small changes in pipe expression do not cause dramatic effects on embryonic development. This effect is consistent with the ventralized egg shell phenotype observed upon D-CblL overexpression and suggests that elevated levels of this isoform lead to reduced Egfr activity. argos is a negative regulator in the feedback pathway of Egfr signaling, and is expressed in follicle cells at the dorsal midline where the highest Egfr activity is induced by Gurken (reviewed in Van Buskirk and Schupbach, 1999; Wasserman and Freeman, 1998) . Expanded argos expression was observed in egg chambers with follicle cell clones of the D-cbl mutant (Pai et al., 2000) . Conversely, in egg chambers with overexpression of D-CblL, argos expression at the dorsal midline was eliminated (Fig. 3F) . In contrast, the argos expression pattern in egg chambers with overexpression of D-CblS was undistinguishable from that of wild-type egg chambers (Fig. 3D , and E). Consistent with our analysis of egg shell patterns, this result demonstrated that the most dorsal cell fates, normally triggered by high Egfr activity were abolished by overexpression of D-CblL.
D-CblL acts downstream of Egfr through the endocytic pathway involving dynamin
Proteins of the Cbl family recognize activated receptor tyrosine kinases and promote receptor internalization, thus terminating signaling by targeting receptors to the lysosome for degradation (reviewed in Marmor and Yarden, 2004) . Therefore, extra copies of D-cbl should be able to reduce signaling from activated Egfr. We tested this possibility by expressing an activated Egfr mutant, l-top, alone or with either D-CblL or D-CblS using the EQ1Gal4 line. Expression of constitutively active Egfr in follicle cells resulted in abnormal egg shells with extra dorsal appendage material which represents a dorsalization phenotype (Queenan et al., 1997) . A slight repression was observed when D-CblS was co-expressed with l-top (Fig. 4B) . However, when D-CblL was overexpressed under the same conditions, the dorsalization caused by l-top was eliminated. Moreover, the endogenous Egfr activity was also reduced, since ventralized instead of wild-type egg shells were produced. (Fig. 4C, Table 3 ). In addition, embryos inside these suppressed egg shells developed a much more normal D/V pattern, as indicated by the presence of denticle belts (Fig. 4F) . The suppression of l-top by D-CblL was also observed in the wing, since the size and patterning defects in the wing of MS1096Ol-top were nearly completely suppressed, except for a mild extra vein defect (data not shown). In contrast, expression of D-CblS did not restore the size and patterning defects, instead of causing a severe tissue In contrast, overexpression of D-CblS (E) had no effect on argos expression, which is similar to that seen in wild-type egg chambers (D). over growth (data not shown). These results again demonstrated that overexpression of D-CblL reduces Egfr signaling in a more effective way than D-CblS.
To test whether the effect of D-CblL on Egfr is mediated through internalization, we looked for genetic interaction between D-cbl and shibire, a homologue of dynamin (Chen et al., 1991; van der Bliek and Meyerowitz, 1991) . In dynamin mutant cells, Egfr signaling is up-regulated (Vieira et al., 1996) . Here, we used a temperature-dependent shibire mutant with a dominant negative effect (Kitamoto, 2001) , UAS-shi ts1 , to test whether blocking internalization can reduce the effect of D-CblL overexpression. A dorsalized egg shell phenotype (55%) was observed when expression of UASshi ts1 was driven by EQ1Gal4 and flies were transiently shifted to 34 8C (Fig. 4G and Table 3 ), suggesting that blocking internalization resulted in elevated Egfr signaling in follicle cells. Furthermore, we observed that the ventralization effect of overexpression of D-CblL was suppressed about 25% while the dominant negative effect of UAS-shi ts1 was induced at nonpermissive temperature (Fig. 4H, I and Table 3 ). These data indicate that the effect of D-CblL on Egfr downregulation may depend on internalization. Table 3 Genetic interactions between D-Cbl and l-top,or shibire (65) 58 (31) 6 (3) 20 (0) 1 (0) 209 (186) a The egg shell phenotypes are arranged from ventralization to wild-type to dorsalization from left to right. The most severe dorsalized egg shell phenotype (D3), resulting from overexpression l-top driven by EQ1Gal4, is similar to that driven by CY2Gal4 (Queenan et al., 1997) , with an expansion of dorsal midline fate. D2 is a typical dorsalized egg shell phenotype, dorsal materials form around the entire anterior circumference of the chorion. D1 is reminiscent of the egg shell phenotype produced by clones of D-cbl mutant follicle cells, which has an expansion of dorsal midline cells (Pai et al., 2000) . WtD indicates a phenotype that two dorsal appendages locate at the dorsal side with a proper distance, but the ventral side has extra dorsal material. VD indicates that two dorsal appendages are reduced to be a single fused one, and extra dorsal material forms at the base of the single dorsal appendage. V1, 2, and 3 are as described in Table 2 . 
Subcellular localization of D-CblS and D-CblL in follicle cells
To (Fig. 5A and data not shown) , and a similar pattern was detected in egg chambers carrying Hs83-D-CblL-5 (data not shown) and Hs83-D-CblL-6 (Fig. 5E) . However, the endogenous D-Cbl isoforms were below the level of detection under our staining conditions and we could not distinguish cbl mutant cells from wild-type cells in mosaic egg chambers by immunostaining using either 10F1 or 8C4 antibodies.
To distinguish the intracellular localization, the follicle cell cortex was visualized by phalloidin staining (Fig. 5C, D 0 , G and H 0 ), and follicle cell nuclei were labeled with DAPI (data not shown and Fig. 5D 0 , and H 0 ). D-CblS was detected in the cytoplasm and enriched at the cell cortex of follicle cells (Fig. 5B, and D) , whereas D-CblL showed a punctate pattern in the cytoplasm and some signal at the cell cortex (Fig. 5F ). The punctate distribution of D-CblL was also observed in posterior follicle cells of E4OD-cblL-A18 females (Fig. 5H) , where E4Gal4 is expressed (Queenan et al., 1997) . Interestingly, the cellular localization of D-CblL in follicle cells of EQ1OD-cblL-A12 females was affected by co-expressing a dominant negative mutant of DRab5, DRab5S43N (Entchev et al., 2000) , and a significant enrichment at the cell cortex was seen (Fig 5K and L) . However, the intracellular localization of D-CblS was not affected significantly by DRab5S43N (Fig. 5I  and J) . Since, small GTPase Rab5 is involved in the formation of clathrin-coated vesicles and their fusion with early endosomes (Bucci et al., 1992; McLauchlan et al., 1998; Stenmark et al., 1994) , the effect of DRab5S34N on D-CblL localization suggests that the vesicle like staining pattern of D-CblL depends on intact endocytic pathway mediating through Rab5. In summary, the distinct cellular localizations of the D-Cbl isoforms support the interpretation of our genetic tests which indicate that D-CblS and D-CblL may affect the activated Egfr through different mechanisms.
Discussion
D-CblS alone is sufficient for downregulation of activated Egfr
D-CblL has domains that allow it to act both as an ubiquitin ligase and as an adaptor mediating protein- protein interaction through its proline rich regions, while D-CblS lacks the proline rich region in the C terminus that may promote receptor internalization. Both isoforms rescue lethality in a D-cbl mutant background and can control Egfr signaling roughly correctly in the wings, eyes, and follicle cells. A low level of D-CblS partially rescues lethality and is accompanied by a mild wing phenotype characteristic of hyperactivated Egfr. However, when the expression levels are sufficient for better survival, no patterning defects are observed (Table 1) . This full rescue suggests interactions mediated through the C-terminus of D-CblL are not essential for viability, and D-CblS can downregulate activated Egfr properly by itself. Indeed, a mutant encoding a similar protein in C. elegans, sli-1DC, also retains some ability to negatively regulate Egfr signaling during vulval development of C. elegans (Yoon et al., 2000) . Furthermore, Cbl-3, which does not bind to CIN85, promotes the ubiquitination and degradation of activated Egfr in mammals (Keane et al., 1999; Szymkiewicz et al., 2002) .
Although the levels of D-CblS are critical for animal and cell survival as indicated by the lethal effect produced by high ubiquitous expression of transgenes driven by e22cGal4 or heat shock (data not shown), no or only a slight patterning defect is observed when D-CblS is overexpressed using tissue specific Gal4 lines in the wings, eyes and egg shells. These data have demonstrated that D-CblS has the ability to control Egfr signaling in a manner similar to the wild-type D-cbl gene and high expression levels of D-CblS reduce survival but exert very little or no effects on patterning in specific tissues. Therefore, D-CblS appears to have a higher dynamic range than D-CblL in controlling proper Egfr signaling, which may reflect its higher level of expression in vivo compared to D-CblL (Fig. 1I) .
The expression level of D-CblL is critical for proper Egfr signaling in patterning
Internalization and degradation of receptors is an efficient way to terminate signaling, and protein complexes interacting with the C-terminus of Cbl are involved in ligand-induced downregulation of Egfr through internalization. For example, the C terminal proline rich region of Cbl interacts with the multiple SH3 domain-containing protein, Grb2, which is required for Egfr endocytosis (Wang and Moran, 1996) . Grb2 has been demonstrated to regulate the rate of Egfr internalization through clathrin-coated pits by recruiting c-Cbl (Huang and Sorkin, 2005; Jiang et al., 2003; Waterman et al., 2002) . The Drosophila homolog of Grb2, Drk, binds to several kinds of proline rich motif through its SH3 domains (Feller et al., 2002; Raabe et al., 1995) . Interestingly, we did find one classic SH3 binding motif PXXPXR in the C terminus of D-CblL. Moreover, two such motifs exist in Sli-1, which showed genetic interactions with SEM5, the C. elegans homolog of Grb2 (Yoon et al., 2000) . Therefore, it is possible that D-CblL more efficiently promotes Egfr degradation in part through association with Drk, which does not bind to D-CblS.
In an alternative mechanism leading to Egfr downregulation, the Cbl-CIN85-endophilin complex mediates ligandinduced internalization of Egfr as well (reviewed in Dikic, 2003) . The CIN85-Endophilin complex is thought to play a critical role at invagination during endocytosis by inducing negative membrane curvature (Petrelli et al., 2002; Soubeyran et al., 2002) . The PXXXPR motif in Cbl, responsible for interaction with CIN85, is also present in D-CblL. Through an intensive data base search we identified a putative Drosophila homolog of CIN85 (CG31012), which has three SH3 domains in the N-terminus and a proline rich region prior to the coiled-coil domain at the C-terminus. This information suggests that a protein-protein interaction network for Cbl-CIN85-Endophilin exists in Drosophila.
The phenotype characteristic of Egfr hypoactivation generated in the eyes, wings and egg shells by overexpression of D-CblL demonstrates that D-CblL is critical for control of Egfr signaling and high levels of D-CblL elevate the downregulation of Egfr signaling. Indeed we also found that the severity of the ventralized egg shell phenotype is dependent on the levels of D-CblL. In addition, a dominant negative shibire mutant suppressed the D-Cbl effects on egg shell (Fig. 4 and Table 3 ). These data indicate that activated Egfr units can be internalized rapidly through the activity of the endocytic protein complexes when D-CblL, but not D-CblS, is present at high levels. In addition to patterning defects, overexpression of D-CblL is usually accompanied by a lethal effect. The rapid internalization may lead to hypoactivation of Egfr and thus result in lethality, since Egfr signaling is required for cell survival (Yang and Baker, 2003) .
Distinct molecular mechanisms revealed by the two D-Cbl isoforms
It is crucial to control both the strength and the duration of signaling during development, and internalization of receptors is a key process for this control. To date, many reports have shown that there are several redundant mechanisms of internalization of activated receptors, such as clathrin-dependent andindependent, dynamin-dependent and -independent processes, as well as caveolar endocytosis (reviewed in Gonzalez-Gaitan and Stenmark, 2003) . The contribution of these pathways in Egfr downregulation in vivo is not completely understood.
Our data have shown that D-CblS, which lacks the C terminal proline rich domain, regulates Egfr signaling properly, suggesting that the interactions between Cbl and adaptor proteins are dispensable. D-CblS presumably promotes internalization of activated Egfr solely through its E3 ligase activity, and ubiquitination of Egfr subsequently recruits ubiquitin binding proteins, such as Epsin family members, which then serve as clathrin or caveolin adaptors to form clathrin-coated vesicle or caveolae in endocytic pathways (Chen and De Camilli, 2005; Sigismund et al., 2005) . In contrast, D-CblL may have additional endocytic pathways other than those that are ubiquitination dependent, such as the interaction with the CIN85-endophilin complex through its C terminus. In addition, the Drk binding site in the C terminus of D-CblL may also increase the association of D-CblL and activated Egfr. Therefore, increase of D-CblL levels may promote Egfr downregulation by the lysosomal pathway mediated through D-CblL-CIN85-endophilin complex. In addition, D-CblL may promote polyubiquitination of Egfr through its E3 ligase activity while the constitutive binding between its SH3 domain and the proline rich motif of Drk provides a stable association between activated receptor and D-CblL, thus polyubiquitinated Egfr can be degraded by the 26S proteasome. In contrast, D-CblS only allows monoubiquitination on activated Egfr, which allows lysosomal degradation.
It is known that post-translational modifications of both receptor and components of the endocytic machinery control the rate of receptor degradation (reviewed in Marmor and Yarden, 2004) . The EGFR complex is sorted into multivesicular bodies where it either fuses with the lysosome for complete degradation and termination of signaling, or is recycled which prolongs the signaling (reviewed in Carpenter, 2000) . Since, the punctate pattern of D-CblL staining indicates a possible subcellular vesicle localization, D-CblL may also promote sorting activated Egfr to the lysosome by ubiquitination modification on components of the endocytic machinery. Taken together, our data strongly suggest that CblS and CblL mediate internalization of activated Egfr through distinct mechanisms, which are characterized by different genetic behaviors. Given the different intracellular localization patterns of D-CblS and D-CblL it is very likely that these differences reflect distinct endocytic pathways, which regulate Egfr signaling with different efficiencies and in a partially redundant manner.
Experimental procedures
4.1. Fly stocks D-cbl F165 has been previously described and D-cbl BB28 was isolated in the same genetic screen (Pai et al., 2000) . The UAS-ltop has been described by Queenan et al (Queenan et al., 1997) . UAS shi ts1 has been generated by Kitamoto (Kitamoto, 2001 ). UAS-DRab5S43N has been generated by Entchev (Entchev et al., 2000) . Most Gal4 lines were obtained from the Bloomington Drosophila stock center. The Gal4 line 55B was a gift from Norbert Perrimon (Brand and Perrimon, 1994) . The Gal4 lines such as EQ1, E4, and GR1 were generated by remobilizing one of the original Gal4 inserts (Queenan et al., 1997) .
DNA constructs
D-cblS cDNA was obtained as described previously (Pai et al., 2000) . Based on the NCBI sequence of D-cblL (Robertson et al., 2000) , we designed primers to amplify a D-cblL cDNA fragment from nucleotide 1444 to 3533 from an ovarian cDNA library by PCR. This fragment was inserted into pBS-D-cblS using restriction sites on primers, EcoRV and KpnI sites, to replace parts of the 3 0 sequence of D-cblS with D-cblL. This D-cblL fragment used in this study differs in some basepairs from the published sequence (Robertson et al., 2000) . We also sequenced genomic DNA and found the same alterations. The alternate sequence has been deposited in GenBank with the accession number DQ485790. The D-cblL cDNA was cloned into a pUAST vector using EcoRI and KpnI sites, and D-cblS cDNA was inserted into pUAST as an EcoRI and NotI fragment. Before injection, all D-cblS/L cDNA were verified by sequencing. Both cDNAs were also cloned into pCaSpeRHs83 for constitutive expression. D-cblS was a 2.5 Kb EcoRI -NotI fragment, and D-cblL was a 3.5 Kb EcoRI-BamHI fragment from pBS-D-cblS/L. To obtain an isoform specific probe the 3 0 untranslated region in D-cblS cDNA was amplified by PCR using primers with designed restriction sites, BamHI and EcoRI (CbBHF1844 is 5 0 CGGGATCCAGTTCGCAGTGGCAGTTTC, CbRIR2473 is 5 0 GGAATTCGGGAAGTAAACGCACGCTAC), and was then cloned into pBS(KS). The exon 6 of D-cblL was amplified with primers CbBH5003 (5 0 CGGGATCCGACATTGGC GACTTCAACATAGCCACG) and CbHD6298 (5 0 GCGC AAGCTTTCAGGCGCTGTTCTTGGAGACAA) from an ovarian cDNA library, and was then cloned into pBS(KS)II using BamHI and HindIII sites. For generating antibodies, the fragment of exon 6 of D-cblL was inserted into pQE80L, and a fragment containing the C-terminus of D-CblS (nt. 1140-nt. 1659) was amplified from pBS-D-cblS, and was cloned into PQE80L at BamHI and HindIII sites.
Generation of anti-D-cbl antibodies and Western blotting experiment
His-tagged D-Cbl fusion proteins were expressed, and purified using the QIA expression system (QIAGEN). Fusion proteins were injected into Balb/C mice to produce anti-D-Cbl sera, and monoclonal antibodies were made according to standard procedure. 8C4 is a monoclonal antibody specifically against D-CblL. Another monoclonal antibody, 10F1, recognizes both D-CblS and D-CblL. Total cell lysates prepared from ovaries, dechorionated embryos, and larvae were separated by SDS-PAGE and blotted with 10F1 medium (1:10), 10F1 ascites (1:250), 8C4 ascites (1:250), or tubulin (1:500, Sigma). ECL detection kit (Pierce) was used to develop signals.
In situ hybridization
The pipe-ST2 cDNA was a gift from David Stein, and argos cDNA was a gift from Matthew Freeman. cDNAs containing the 3 0 untranslated region of D-cblS and exon 6 region of D-cblL as described above were used for making riboprobes. Digoxigenin (Dig)-labeled RNA probes were made using the DIG RNA labeling Kit (Roche). The ovaries were fixed in 4% paraformaldehyde in PBS with 3 volumes heptane and 10% DMSO for 20 min at room temperature. The RNA hybridization procedure was done at 55 8C as described previously (Tautz and Pfeifle, 1989) . Alkaline phosphatase conjugated anti-DIG antibody (1:5000, Roche) was used to recognize Dig labeled probes and the signal was visualized with the NBP/ BCIP kit (Promega).
Histological staining
Ovaries were dissected in 1XPBS buffer and fixed in 200 ul 4% paraformaldehyde in PBS plus 600 ul heptane and 0.25% NP-40 for 20 min. For antibody staining, ovaries were blocked in PBST plus 1% BSA for 1 h. To visualize DNA, 0.5 mg/ml DAPI (Sigma) was added for 5 min at room temperature; to visualize actin, 10 units of phalloidin (Molecular Probes) were added for 30 min. 10F1 and 8C4 ascites were used at 1:100 dilution. b-galactosidase staining was carried out as described in Ashburner (Ashburner, 1989) on ovaries fixed in 2.5% glutaraldehyde/PBS for 10 min. After incubation with fluorescent secondary antibody (1:1000, Molecular Probes) for 1 h and several washes, ovaries were mounted in glycerol and examined by fluorescence microscopy.
Heat shock
To induce expression of HsOD-Cbl, adult females were put on yeast for 3 days at 25 8C, followed by heat shock at 37 8C for 1 h. After heat shock, the flies were incubated at 25 8C and some flies were taken out every 2 h to extract proteins from the ovaries. Some females were transferred into an egg collector and provided with fresh plates at 15.5, 21.5, 27.5, 33.5 and 39.5 h time points. To test the temperature effect of UASshi ts1 , adult females were incubated at 34 8C for 8 h, and then were transferred into an egg collector at 25 8C. Eggs on fresh plates were collected within 22 h after heat shock, and these eggs had received heat shock at stage 9 or later stages. The following 24 h collection was a control for incubation at 25 8C.
